A rapid method for the identification of known proteins separated by two-dimensional gel electrophoresis is described in which molecular masses of peptide fragments are used to search a protein sequence database. The peptides are generated by in situ reduction, alkylation, and tryptic digestion of proteins electroblotted from twodimensional gels. Masses are determined at the subpicomole level by matrix-assisted laser desorption/ionization mass spectrometry of the unfractionated digest. A computer program has been developed that searches the protein sequence database for multiple peptides of individual proteins that match the measured masses. To ensure that the most recent database updates are included, a theoretical digest of the entire database is generated each time the program is executed. This method facilitates simultaneous processing of a large number of twodimensional gel spots. The method was applied to a twodimensional gel of a crude Escherichia coli extract that was electroblotted onto poly(vinylidene difluoride) membrane. Ten randomly chosen spots were analyzed. With as few as three peptide masses, each protein was uniquely identified from over 91,000 protein sequences. All identifications were verified by concurrent N-terminal sequencing of identical spots from a second blot. One of the spots contained an N-terminally blocked protein that required enzymatic cleavage, peptide separation, and Edman degradation for confirmation of its identiy.
The identification of a purified protein is necessary in many areas of biochemical research. As the resolution and sensitivity of purification tools increase, the demand for protein sequencing increases. For example, a single high-resolution two-dimensional polyacrylamide gel can separate hundreds of proteins (1, 2) . Identification of all the resolvable proteins on a two-dimensional gel by conventional protein sequencing is a daunting task. The correlation of DNA from large-scale sequencing projects with their protein products will continue to place increasing demands upon protein sequencing.
Proteins that are N-terminally blocked present an additional challenge since they cannot be directly sequenced by Edman degradation. Blockage may occur by posttranslational modification during protein synthesis or during purification. Many intracellular proteins have been reported to be N-terminally acetylated (3) . In order to obtain internal sequence on a blocked protein, 50-100 pmol of material is usually required. The blocked protein is chemically or enzymatically cleaved. The peptides are then separated by HPLC and sequenced, a process which can take 3-4 days. In addition, proteins initially thought to be novel may, after purification and sequencing, be found already to exist in the protein sequence database. As a result, a significant fraction of sequencer time is spent simply identifying known proteins.
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An alternative method of identifying known proteins was proposed in 1989.t This method utilized a computer program (FRAGFIT) that identified a protein by matching two or more molecular masses of peptide fragments obtained from chemical or enzymatic cleavages with all fragment masses in a protein sequence database. At that time, fast-atom bombardment and plasma desorption mass spectrometry were the most common ionization methods for analysis of peptide mixtures (4) . Subsequently, matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (5-8) has become a more useful method for the analysis of complex mixtures due to its high mass range, high sensitivity, and relative tolerance to common buffer components. Several recent studies have described in situ digestion of proteins electroblotted onto poly(vinylidene difluoride) (PVDF) membranes (9-13). These techniques utilize PVDF membranes as a support for protein immobilization. This allows reactions such as reduction and alkylation to be performed at the low picomole level without significant protein loss. By utilizing in situ digestion on a PVDF membrane with MALDI analysis, we have developed a rapid method to identify known proteins from two-dimensional gels. Capfllary HPLC Peptide Mapping. Peptides generated from in situ digestion of spots were separated on a C18 capillary column (0.32 mm x 150 mm; LC Packing, San Francisco) as described (15) .
MATERIALS AND METHODS
Protein Sequencing. Automated protein sequencing was performed on 470A and 477A Applied Biosystems sequencers equipped with on-line phenylthiohydantoin analyzers. Electroblotted proteins were sequenced in the Blott cartridge. Peaks were integrated with Justice Innovation software using Nelson Analytical 760 interfaces. Sequence interpretation was performed on a VAX 8650 (16).
Mass Spectrometry. A dried aliquot of the tryptic digest, reconstituted in 0.5 ,ul of 10% acetonitrile/0.1% trifluoroacetic acid, was mixed on the sample probe tip with 0.5 ,ul of 50 mM fucose and 0.5 ,ul of a saturated solution of 2,5-dihydroxybenzoic acid (19) . Mass spectra were obtained with a Vestec (Houston) LaserTec ResearcH laser desorption linear time-of-flight mass spectrometer with a 337-nm VSL-337 ND nitrogen laser (Laser Science, Cambridge, MA). Each spectrum was the sum of the ion intensities from 32 laser shots. To achieve sufficient mass accuracy, internal mass standards were added subsequently to the sample by dissolving the crystals on the probe tip with 0.5 ,lA of a solution containing 200 fmol of Ala-Gly-[Arg8]vasopressin and 200 fmol of bovine insulin in 10% acetonitrile/0.1% trifluoroacetic acid. The sample was then dried and reanalyzed. At these low sample levels, some suppression of ion signal was noted upon addition of the internal standards. Therefore, following calibration ofthe mass axis with internal standards, the measured masses were transferred to the original spectrum, and it was recalibrated to achieve more accurate determination of all peptide masses.
FRAGFrr Algorithm. Input for the FRAGFIT program consists of the following parameters: a list of peptide masses, the protease or cleavage reagent, a mass tolerance, a protein molecular weight range, and the number of allowed mismatches. The program4: scans the database, generates sequence fragments based on the specified protease, and computes the molecular masses of the fragments. The terminal methionine of a CNBr fragment is assumed to be a homoserine lactone, and all cysteine residues are assumed to be carboxymethylated. If a fragment mass lies within the specified tolerance of a mass on the user's list of masses, the match is recorded. If the number of matching fragments for a protein exceeds the minimum number of matches, that protein is added to the list of matching proteins. A list of matching proteins sorted by the number of matches is output to a file. in the merged database are duplicates which could not be removed because of a lack of accession numbers.
RESULTS
Proteins extracted from a human growth hormone-producing E. coli fermentation were separated by two-dimensional electrophoresis, blotted onto a PVDF membrane, and stained with Coomassie blue (Fig. 1) . Ten spots were arbitrarily chosen to reflect a range of molecular weights and isoelectric points. Two identical gels were run. One gel was used for N-terminal sequence analysis. The initial yield obtained from sequence analysis was used to estimate the amount of protein in each spot and the amount used for mass spectrometry ( Table 1 ). The second gel was used for in situ tryptic digestion followed by mass spectrometry. Aliquots of the tryptic digests were analyzed by MALDI mass measurement. Amounts ranged from 840 fmol (20% of the total) in spot 8 (the largest amount analyzed) to 75 fmol (3%) in spot 1. Fig. 2 shows selected spectra for the tryptic digest of spots 1, 8, and 9 and a trypsin control. Some autolysis fragments from trypsin were present in the spectra of the spots (masses: 842, 2218, 2301, and 3347 Da Table 2 contain masses more accurate than ±4 Da, we chose this value to reflect the largest error observed. Larger mass tolerances increase the possibility of obtaining proteins that are unrelated to the sample. Decreasing the mass tolerance results in higher confidence in the matches but also increases the chance of missing a match.
By using this search strategy to analyze the data from the protein spots by FRAGFIT, a single protein was usually identified from the >91,000 proteins in the database. Spots 7, 8, and 9 resulted in proteins from more than one species of protein being identified, since the masses used result from sequences which are invariant between species. Spot 7 was identified as 60-kDa chaperonin with both E. coli and human sequences reported. The program identified spot 8 as growth hormones from human and monkey. Two species of elongation factor Tu were also found for spot 9.
Sequence analysis of spot 10 identified a mixture of two proteins: a 10-kDa chaperonin and a universal stress protein (Table 1 ). The FRAGFIT program identified chaperonin from the masses used but was unable to identify the stress protein.
Examination of the stress-protein sequence, which was submitted as an unpublished entry in the Dayhoff database, revealed a total of 12 residues labeled X. All but one peptide longer than 6 residues contained unidentified residues. N-terminal analysis was able to confirm the identity of all spots, except for spot 9, which was N-terminally blocked. To make a positive identification of spot 9, the tryptic digest of that spot was separated by HPLC on a capillary C18 column. Individual fractions were sequenced which matched the sequence of elongation factor Tu (Table 1) . DISCUSSION Molecular mass searching of peptide fragments provides a rapid method of identifying known proteins separated by NMonkey.
Salmonella.
two-dimensional electrophoresis. This can be achieved by simultaneous digestion of a large number of protein spots. The analysis of 5-10 in situ digests by mass spectrometry and computer searching can be completed in <1 hr. A theoretical digest of the protein sequence database is generated each time the FRAGFIT program is run, in order to access the latest version of the database. A typical search using peptide masses is usually complete in <5 min on a VAX 8650. This is considerably faster than that which can be accomplished by conventional protein sequencing. No separation is needed, since the unfractionated peptide digest is placed directly in the ion source of the mass spectrometer. While this may result in suppression of some peptide fragment ions, only three to five fragments with masses between 1 and 2 kDa are needed to correctly identify a protein. The program requires a minimum of two masses in order to perform a search. MALDI provides high sensitivity for peptide mixtures when operated under the conditions described here, requiring only a fraction of a 1-pmol spot (10-20%) to produce a useful spectrum. If necessary the remainder of the digest can then be separated by capillary HPLC and the peaks can be sequenced by Edman degradation. The addition of carbohydrate to the UV-absorbing matrix (17, 19) is essential to mass analysis of peptide mixtures at this sample level. Other mass spectrometry ionization techniques, such as electrospray, could be utilized (18) . However, the spectrum of a complex mixture delivered to the electrospray source by direct infusion may be difficult to interpret. HPLC could be used to separate the components ofthe mixture, but the analysis time would be significantly longer than that required by MALDI analysis.
Proteins which contain posttranslational modifications present additional challenges. Modified peptides from these proteins cannot be identified by the FRAGFIT program, since current commercial databases do not link posttranslational modifications with protein sequence. In addition, many protein databases are either poorly documented or lack information on these modifications. To identify proteins containing posttranslational modifications, the number of mismatches allowed can be increased to exclude masses corresponding to the modified peptides. If more than several mismatches are necessary for a match, the protein should be positively identified by protein sequencing. Another challenge is presented by proteins which are not completely resolved during the two-dimensional gel separation. Spots that contain more than one protein may also be identified by increasing the number of allowed mismatches. Although spot 10 contained a mixture of two proteins, the program was able to identify one of the proteins in the mixture.
In order to digest an electroblotted protein at the picomole level, high enzyme-to-substrate ratios (1:1) are necessary. This may result in a significant number of autolysis fragments, which can be identified by utilizing a trypsin control. We find that using reductively methylated trypsin significantly reduces autolysis.
Although we have used trypsin to digest the proteins, any specific chemical or enzymatic cleavage could be used. Specific cleavages that result in peptides with higher mass values (e.g., CNBr) enable FRAGFIT to identify a protein with fewer molecular ions. We typically find that two or three molecular ions are sufficient for protein identification by FRAGFIT for CNBr-generated peptides of .2 kDa. In general, the longer the peptide, the more likely only one specific match for a molecular ion will be found in the database.
Our best strategy for searching is to start with a mass tolerance of 4 Da and one or two mismatches. The number of mismatches is then increased or decreased to obtain more or fewer matches. All molecular ions that have a good signalto-noise ratio and are absent from the enzyme control should be utilized as input. A tighter mass tolerance (1-2 Da) permits identification with fewer masses. However, this mass accuracy is difficult to achieve on a routine basis with our current instrumentation. Continued improvements in instrumentation and sample matrices for MALDI should make this mass accuracy possible.
The method described here should significantly increase the speed of identifying known proteins. This method is not a complete substitute for protein sequencing. When the confidence of the FRAGFIT output is low, or conflicting data exist, protein sequencing should be used to confirm the identity of the protein. Other methods of protein cleavage need to be tested for compatibility with MALDI analysis.
